We have fabricated multi-layer graphene on SiO 2 by annealing sputtered amorphous carbon with a catalyst -a simple non-CVD method -without use of complicated transfer processes. Structural analysis revealed that the graphene sheets formed an epitaxial structure, aligned to the Co (111) surface, between the Co catalyst and SiO 2 dielectric.
Introduction
Carbon-based materials, such as carbon nanotubes (CNTs) and graphene nanoribbons (GNRs), have been studied as interconnect materials because they have lower resistivity [1], higher thermal conductivity [2] , and intrinsically higher current-carrying capacity [3] than Cu. Recently, we reported that the resistivity of sputtered amorphous carbon on dielectric layers without catalysts decreases as the annealing temperature increases, and that the decrease in resistivity can be attributed to an increase in sp 2 bonding corresponding to the formation of a graphene sheet [4] . In this study, we have improved the quality of carbon film fabricated directly on SiO 2 by annealing with a catalyst.
Experimental Sputtering deposition films on SiO 2 dielectric
We used the magnetron sputtering method to deposit carbon and catalyst films onto a SiO 2 /Si substrate at room temperature. The flow rate of Ar was 30sccm, and the pressure was 1kPa. The structures of the deposited films were C(30nm)/SiO 2 /Si, Co(15nm)/SiO 2 /Si, C(30nm)/ Co(15nm)/SiO 2 /Si, and Co(15nm)/C(30nm)/SiO 2 /Si.
In order to assess the effect of the catalyst, Cu(15nm)/SiO 2 /Si, C(30nm)/Cu(15nm)/SiO 2 /Si, and Cu(15nm)/C(30nm)/SiO 2 /Si films were also prepared for comparison.
Annealing and analysis
The films were annealed in an IR furnace in a nitrogen atmosphere at temperatures ranging from 200-800°C for 30min. The nanostructures of the films were analyzed by X-ray photoelectron spectroscopy (XPS) using the BL47XU at SPring-8, Raman spectroscopy with an exciting laser wavelength of 514.5nm, X-ray diffraction (XRD), and cross-sectional transmission electron microscope (TEM). Figure 1 shows cross-sectional TEM images after annealing at 800℃. As shown in Fig.1 (a) , the carbon film without Co formed networked nanographite (NNG) [4] . In contrast, the films with Co formed multi-layer graphene (MLG). In particular, as shown in Fig.1 (c) , the MLG was formed directly on both the SiO 2 dielectrics and surface of the Co catalyst. Figure 2 shows the Raman spectra of these films after annealing at various temperatures. The G band derives from the graphene sheet and D band from the disordered structure in the aromatic rings. The G/D ratio of the carbon film without Co was small even after annealing at 800℃. In the case of Co/C/SiO 2 /Si, the observed signals, starting from 600℃, derive from the carbon diffused on the surface of the Co catalyst. In addition, the G/D ratio of the film annealed at 800℃ was around 2, larger than that for C/Co/SiO 2 /Si. Figure 3 shows XRD patterns (θ-2θ) after annealing at 800℃. The carbon film without Co does not have an orientation, but that with Co has the (002) orientation of graphite. It is thought that the graphene sheets have formed an epitaxial structure aligned to the Co (111) surface. Figure 4 shows the dependence on annealing temperature of the ratio of sp 2 in the carbon films. The ratios of sp 2 below 600℃ are almost the same, independent of the film structure. However, the ratio in the films with Co increases rapidly to nearly 100% at 800℃ and that for Co/C/SiO 2 is larger than that for C/Co/SiO 2 .
Results and Discussion
Next, we investigated the effect of the catalyst. Figure 5 shows the Raman spectra of carbon films with a Cu catalyst after annealing at 800 ℃ . The G/D ratio was small, compared to that obtained with the Co catalyst. It is believed that a few layers of graphene formed near to the surface of the Cu while the rest remained as NNG. These results indicate that sputtered amorphous carbon with a Co catalyst has better potential for utilization in the development of multi-layer graphene interconnects.
Conclusions
We have fabricated multi-layer graphene on SiO 2 by annealing a Co/C/SiO 2 /Si structure. This method will enable us to form not only graphene interconnects but also graphene channel transistors directly on SiO 2 without complicated transfer processes.
